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Abstract
HFE is a MHC class 1-like protein that is mutated in hereditary hemochromatosis. In order to elucidate the role of HFE
protein on cellular iron metabolism, functional studies were carried out in human hepatoma cells (HLF) overexpressing a
fusion gene of HFE and green fluorescent protein (GFP). The expression of HFE-GFP was found to be localized on cell
membrane and perinuclear compartment by fluorescent microscopy. By co-immunoprecipitation and Western blotting,
HFE-GFP protein formed a complex with endogenous transferrin receptor and L2-microglobulin, suggesting that this fusion
protein has the function of HFE reported previously. We then examined the 59Fe uptake and release, and internalization and
recycling of 125I-labeled transferrin in order to elucidate the functional roles of HFE in the cell system. In the transfectants,
HFE protein decreased the rate of transferrin receptor-dependent iron (59Fe) uptake by the cells, but did not change the rate
of iron release, indicating that HFE protein decreased the rate of iron influx. Scatchard analysis of transferrin binding to
HFE-transfected cells showed an elevation of the dissociation constant from 1.9 to 4.3 nM transferrin, indicating that HFE
protein decreased the affinity of transferrin receptor for transferrin, while the number of transferrin receptors decreased from
1.5U105/cell to 1.2U105/cell. In addition, the rate of transferrin recycling, especially return from endosome to surface, was
decreased in the HFE-transfected cells by pulse-chase study with 125I-labeled transferrin. Our results strongly suggest an
additional role of HFE on transferrin receptor recycling in addition to the decrease of receptor affinity, resulting in the
reduced cellular iron. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Iron participates in numerous metabolic pathways
in all cells and organisms and is therefore essential
for all living species including humans, although it is
potentially toxic when present in excess. Hereditary
hemochromatosis (HH) is a disease characterized by
the excessive deposition of iron in di¡erent organs of
the body leading to multiorgan dysfunctions. HH is
the most common autosomal recessive disorder af-
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fecting individuals of Northern European descent.
Recently, Feder et al. reported a candidate gene for
HH that was identi¢ed by positional cloning and
that encodes a novel major histocompatibility com-
plex class I-like protein called HFE [1]. They found
that 83% of HH patients are homozygous for the
same missense mutation (C282Y). A few were com-
pound heterozygotes for C282Y and a second muta-
tion (H63D). HFE gene knockout mouse study
shows that the HFE protein is involved in the regu-
lation of iron homeostasis and that mutations in this
gene are responsible for HH [2].
Whereas the precise function of HFE is unknown,
a possible role in iron metabolism was suggested by
studies that HFE is physically associated with trans-
ferrin receptor (TfR) and L2-microglobulin (L2m) [3^
6]. Wild-type HFE bound to TfR and decreased the
a⁄nity of TfR for diferric transferrin (Tf) in embry-
onic kidney cells and HeLa cells [7,8]. On the other
hand, the C282Y mutant HFE did not bind to TfR
and had no e¡ect on the a⁄nity of TfR for trans-
ferrin in transfected cells [7^9]. Roy et al. reported
that the expression of HFE reduces iron uptake from
Tf by 33% but does not a¡ect the endocytic or exo-
cytic rates of TfR cycling and hypothesized that
HFE might reduce cellular aquisition of iron from
Tf within endocytic compartments [10]. In this study,
we overexpressed HFE protein fused to green £uo-
rescent protein (GFP) in human hepatoma cells and
examined the association of HFE with TfR and L2m,
the uptake and release of iron, an a⁄nity of TfR for
Tf, and the recycling rate of Tf to clarify the further
role of HFE on iron metabolism.
2. Materials and methods
2.1. Construction of GFP fusion protein and stable
transfection
HFE fragment (position 386 to 1043) containing a
whole coding region of HFE gene without stop co-
don was ampli¢ed from mRNA of human liver cells,
Chang [11], by RT (reverse transcriptase)-nested
PCR (polymerase chain reaction) using oligo-dT for
RT and three primers (1st sense: 5P-CTGAGCC-
TAGGCAATAGCTG-3P, 2nd sense: 5P-TAGGGT-
GACTTCTGGAGCCA-3P, 1st and 2nd antisense:
5P-TCACGTTAGCTAAGACGTA-3P) for PCR,
and ligated into pT7 blue vector (Novagen, Madison,
WI). After con¢rming a sequence of the HFE frag-
ment in pT7 blue vector, a fragment containing the
HFE fragment was excised at SalI and SacI restric-
tion enzyme sites located in multiple cloning site of
pT7 blue vector, and ligated into a human codon
optimized GFP amino-terminal fusion vector,
pEGFP-N3 expression vector (Clontech Laborato-
ries, Palo Alto, CA) digested with SalI and SacI,
keeping the same translation reading frame as the
GFP protein. A human hepatocellular carcinoma
cell line, HLF, which was purchased from the Japa-
nese Cancer Research Resources Bank (Tokyo, Ja-
pan) [12], was transfected with two plasmids,
pEGFP-N3 vector containing HFE or no insert, re-
spectively. For stable transfections, 20 Wg of puri¢ed
plasmid and 15 Wg of Lipofectin (Gibco-BRL, Gai-
thersburg, MO) were added to HLF cells (approxi-
mately 70%) in 100-mm culture dishes. After approx-
imately 2 weeks selection with geneticin (1000 Wg/ml),
viable colonies were subcultured using cloning rings
to obtain cells stably expressing GFP fusion protein.
Cells were maintained in RPMI 1640 supplemented
with 10% fetal bovine serum, 2 mM L-glutamine,
0.05 mM 2-mercaptoethanol, 100 U/ml penicillin,
and 100 Wg/ml streptomycin sulfate.
2.2. Immunoprecipitation and Western blotting
Cells were lysed in 25 mM Tris^HCl, pH 7.5,
150 mM NaCl (TBS) plus 0.5% Nonidet P-40, and
the HFE-GFP (fusion protein of HFE with the en-
hanced green £uorescent protein), TfR or L2m pro-
teins were immunoprecipitated from 1 mg of total
cell protein with 2 Wg of GFP polyclonal antibody
(Clontech, Palo Alto, CA), 2 Wg of TfR monoclonal
antibody, TR101 (Nissui, Tokyo, Japan), or 10 Wg of
L2m monoclonal antibody (Chemicon, Temecula,
CA), respectively, followed by addition of protein
G-Sepharose (Pharmacia Biothec, Uppsala, Sweden).
After washing three times with TBS containing
0.25% Tween 20, the antibody^antigen complexes
were dissociated by heating at 100‡C for 4 min in
standard Laemmli sample bu¡er and the material
separated on a 4^20% Tris^glycine gradient poly-
acrylamide gel (Bio-Rad, Hercules, CA). Gels were
electroblotted onto Nitrocellulose membranes (Bio-
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Rad), incubated with 1 Wg/ml of GFP monoclonal
antibody (Clontech), and the immune complexes de-
tected by ECL (Amersham, Buckinghamshire, UK)
utilizing horseradish peroxidase-linked rabbit anti-
mouse antibody absorbed with human protein.
2.3. Fluorescence microscopy
Cells grown on coverslips were rinsed twice with
PBS, ¢xed with 2% paraformaldehyde in PBS for 60
min at 20‡C, washed with 0.1% sodium borohydride
for 30 min, and mounted with PermaFluor Aqueous
Mountant (Lipshaw Immunon, Pittsburg, PA). GFP
£uorescence was visualized using Axioscope FL mi-
croscopy (Carl Zeiss, Jena, Germany).
2.4. 59Fe-bound Tf uptake assay
For loading Tf with 59Fe, 59FeCl3 (speci¢c activ-
ity = 37 MBq/148 Wl of 0.5 N HCl, Daiichi Radio-
isotope, Tokyo, Japan) was mixed with nitrilotriace-
tic acid and neutralized with solid NaHCO3 [13,14].
Following neutralization, the solution was incubated
with human apo-Tf (iron free) for 30 min, and the
labeled protein was separated from free iron on a
PD-10 column. The attained speci¢c activity was
1.3U103 cpm/Wg protein. Cells in 6-well culture
dishes (3U105 cells/well) were cultured in RPMI
1640 medium supplemented with 10% FBS. After
washing with RPMI 1640 medium, the cells were
incubated with RPMI 1640 medium supplemented
with 0.1% BSA and 5.0 Wg/ml of 59Fe-bound Tf.
After incubation for 0, 3, 6 or 9 h, the cells were
washed, and the 59Fe radioactivity was measured.
Non-speci¢c binding was determined in the presence
of a 100-fold excess of unlabeled Tf.
2.5. Release of 59Fe after 59Fe-bound Tf uptake
Cells in 6-well culture dishes (2U105 cells/well)
were incubated with RPMI 1640 medium supple-
mented with 0.1% BSA and 5.0 Wg/ml of 59Fe-bound
Tf for 1 h at 37‡C. After washing with ice-cold
RPMI 1640 medium, the cells were reincubated
with 1 ml of RPMI 1640 medium supplemented
with 0.1% BSA and 1 mM diethylenetriamine penta-
acetic acid (DTPA), iron chelator, at 37‡C. After
reincubation for 0, 15, 30, 60, 90, 120 and 180 min,
or 0, 3, 6, 9 and 24 h, the amount of 59Fe radio-
activity in the culture medium was measured [15].
2.6. 125I-Tf binding assay
Human Tf (Bayer, Kankakee, IL) was iodinated
by Bolton^Hunter reagent (Daiichikagakuyakuhin,
Tokyo, Japan). The radiolabeled Tf was separated
from free iodine on a PD-10 (Amersham Pharmacia
Biotech) column in PBS. The radioactivity of 125I- Tf
was 6.1U105 cpm/Wg protein. Binding assays with
125I-diferric Tf were carried out in 6-well culture
dishes, on which cells grew near con£uent (1U105
cells/well). Assays were performed in triplicate at
4‡C for 60 min by incubating cells with 0^20 nmol/
l of 125I-Tf [13,14]. Non-speci¢c binding was deter-
mined in the presence of a 100-fold excess of unla-
beled ligand. After the excess unlabeled ligand was
washed o¡ and the cells were dissolved in 1 ml of
0.1% Triton X-100, the radioactivity was measured.
The data were analyzed by a Scatchard plot.
2.7. Pulse-labeling study with 125I-Tf
Washed cells in 6-well culture dishes (1U105 cells/
well) were incubated with 125I-Tf (20 nM) for 60 min
at 4‡C in RPMI 1640 medium with 0.1% BSA. The
cells were then rinsed three times with RPMI 1640
with 0.1% BSA to remove radiolabeled ligands and
reincubated at 37‡C for another 0, 1, 2, 4, 6, 8, 10,
15, 20, or 30 min in RPMI 1640 medium with 0.1%
BSA containing 20 nM unlabeled Tf. At the end of
the incubation, the culture medium was removed and
radioactivity in the medium was determined. To dis-
tinguish cell surface-bound ligands from internalized
ligands, 1 ml of 0.25 M acetic acid/0.5 M NaCl was
added to the cells. After 5 s, the solution was re-
moved and the radioactivity of the solution and the
remaining cells was determined [16^18]. The rate of
Tf recycling was evaluated by the half times and the
rate constants of internalization (t1, k1 = ln 2/t1) and
return to surface (t2, k2 = ln 2/t2) of Tf calculated
from the experimental curve of intracellular 125I-Tf
as reported previously [16,17], and was con¢rmed by
the comparison with the theoretical curve of expo-
nential reactions with k1 and k2 (y = [A]0k2/k13k1
[exp (3k1x)3exp (3k2x)]) simulated by computer us-
ing a Graphing Calculator program.
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3. Results
3.1. Expressions of HFE-GFP mRNA and protein in
HFEtr cells
We ¢rst con¢rmed the overexpression of HFE in
HFEtr cells. HFE mRNA expressions in parental
HLF cells and HFEtr cells were examined by RT-
PCR using the same primers used in the construction
of the expression vector. HLF cells showed a very
low expression of HFE mRNA (Fig. 1A, lane 1), but
HFEtr cells showed an overexpression of HFE
mRNA by transfection with HFE-GFP gene (Fig.
1A, lane 2). Immunoprecipitation of the cell lysates
with polyclonal antibody against GFP protein to
precipitate the HFE-GFP fusion protein, followed
by Western blotting with GFP monoclonal antibody
demonstrated the expression of HFE-GFP protein at
approximately 72 kDa, which was the expected size
of HFE-GFP protein, in HFEtr cells (Fig. 1B, lane
2), but no band was observed in the parental HLF
cells (Fig. 1B, lane 1). HFE in the HFEtr cells are
overexpressed at both mRNA and protein levels.
3.2. Association of HFE-GFP protein with TfR and
L2m
An association of HFE-GFP protein with TfR and
L2m was studied by co-immunoprecipitaion experi-
ments. Immunoprecipitation with TfR antibody
(TR101) followed by Western blotting with GFP
monoclonal antibody revealed a band of HFE-GFP
fusion protein at approximately 72 kDa in HFEtr
cells, whereas parental cells did not (Fig. 2A). Immu-
noprecipitation with L2m monoclonal antibody fol-
lowed by Western blotting with GFP monoclonal
antibody revealed a band of HFE-GFP at approxi-
mately 72 kDa in HFEtr cells, whereas parental cells
did not (Fig. 2B). These data indicate that HFE-GFP
protein is associated with TfR and L2m.
Fig. 1. Expression of HFE mRNA and HFE-GFP fusion pro-
tein in parental HLF and transfected HFEtr cells. (A) 1 Wg of
total RNAs prepared from HLF and HFEtr cells was subjected
to RT-PCR using oligo-dT for RT and two primers inside the
coding region of HFE gene for PCR. Ampli¢ed fragments were
detected at 500 bp on a 2% agarose gel. HLF cells show a very
low expression of HFE mRNA (lane 1), but HFEtr cells
showed an overexpressed HFE mRNA by transfection with
HFE-GFP gene. (B) Immunoprecipitation of HFE-GFP protein
from HLF and HFEtr cells with polyclonal anti-GFP antibody,
followed by Western blotting with monoclonal anti-GFP anti-
body demonstrates an expression of HFE-GFP protein at ap-
proximately 72 kDa in HFEtr cells (lane 2), but no band is ob-
served in HLF cells (lane 1). Lane 1, HLF; lane 2, HFEtr cells.
Fig. 2. Co-immunoprecipitation of TfR and L2m with HFE-
GFP in HLF and HFEtr cells. Cell lysates from HLF and
HFEtr cells were immunoprecipitated with monoclonal anti-
TfR antibody (A) or monoclonal anti-L2m antibody (B), fol-
lowed by Western blotting with the anti-GFP antibody. The ar-
row indicates co-immunoprecipitated HFE-GFP protein at ap-
proximately 72 kDa in HFEtr cells (lane 2 in A and B). These
data indicate that HFE protein is associated with TfR and
L2m. Lane 1, HLF; lane 2, HFEtr cells.
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3.3. HFE-GFP localization in HFEtr cells
As HFE protein was found to have a characteristic
cellular distribution in previous papers, we also ex-
amined the cellular localization of the HFE-GFP fu-
sion protein using £uorescent microscopy compared
with that of the GFP only transfected cells (Mock
cells). HFE-GFP fusion protein localized on the cell
membrane and perinuclear compartment of the
HFEtr cells (Fig. 3C), whereas Mock cells showed
the di¡used cellular localization of the GFP protein
(Fig. 3B) and parental HLF cells showed no £uores-
cence (Fig. 3A).
3.4. 59Fe-bound Tf uptake by HFEtr cells
To examine whether the overexpression of HFE
a¡ects iron accumulation in the cells, we measured
59Fe-bound Tf uptake in parental HLF, Mock and
HFEtr cells. After incubation for 3, 6 or 9 h, the cells
were washed, and the radioactivity of the cells was
counted. The intracellular uptake of 59Fe in HFEtr
cells was lower than that of control cells at any point
(Fig. 4). This uptake was inhibited by adding 100-
fold excess unlabeled Tf, suggesting that the receptor
for Tf is involved in this uptake. These data indicate
that the overexpression of HFE protein decreases
receptor mediated Tf-bound iron uptake, which
might result in the lower accumulation of iron in
the cells.
3.5. Release of 59Fe from HFE cells
To determine whether the e¥ux of iron from the
cells could also play a role in the decrease in iron
uptake by HFEtr cells, the cells that had incorpo-
rated 59Fe-Tf after a 1-h incubation were reincubated
in fresh medium to determine whether they would
release 59Fe to external environment containing
Fig. 3. Localization of HFE-GFP protein in HFEtr cells. Local-
ization of HFE-GFP fusion protein in HFEtr cells was detected
using £uorescent microscopy and compared with that of GFP
only transfected cells (Mock cells). HFE-GFP fusion protein lo-
calizes to a cell membrane and perinuclear compartment in
HFEtr cells (C), whereas Mock cells show a di¡used cellular lo-
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iron chelator DPTA. The amounts of 59Fe taken up
by the parental HLF, Mock and HFEtr cells over the
1-h incubation were 1.3, 1.4 and 0.8 pmol/106 cells,
respectively. Percentage of 59Fe released from the
cells at various time points over 3 h against the
amount of 59Fe taken up after the 1-h incubation
was measured (Fig. 5). There was no di¡erence in
the percentage of 59Fe released among the three cell
Fig. 4. 59Fe-bound Tf uptake by HFEtr cells. After incubation with 59Fe-bound Tf for 3, 6 or 9 h, the cells were washed, and the ra-
dioactivity of the cells was counted. The intracellular uptake of 59Fe in HFEtr cells (b) was lower than that in HLF (a) or in Mock
(E) cells at any points. This uptake was inhibited by adding 100-fold excess unlabeled Tf, suggesting that it was mediated by the re-
ceptor for Tf.
Fig. 5. Release of 59Fe from HFEtr cells. The cells that had incorporated 59Fe-Tf after 1-h incubation were reincubated in fresh me-
dium to determine the release of 59Fe to external environment. The amounts of 59Fe taken up by the parental HLF, Mock and HFEtr
cells during 1-h incubation are 1.3, 1.4 and 0.8 pmol/106 cells, respectively. Percentage of the amounts of 59Fe released from the pa-
rental HLF (a), Mock (E) and HFEtr cells (b) at various time points over 3 h against the amounts of 59Fe taken up after a 1-h incu-
bation were measured. There was no di¡erence in the percentage of 59Fe released among the three cell lines at any point.
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lines. These data indicate that the overexpression of
HFE protein does not a¡ect the release of iron from
the cells.
3.6. A⁄nity of TfR for Tf in HFEtr cells
Scatchard analysis of 125I-Tf surface binding to
parental HLF, Mock and HFEtr cells at 4‡C re-
vealed dissociation constants 1.9, 2.0 and 4.3 nM
Tf, respectively (Fig. 6). This uptake was inhibited
by adding 100-fold excess unlabeled Tf, suggesting
that the receptor for Tf mediated this uptake. These
data indicate that the overexpression of HFE protein
decreases the a⁄nity of TfR for Tf in human hepa-
toma cells. The numbers of TfR of parental HLF,
Mock and HFEtr cells were 1.5U105, 1.7U105,
1.2U105 TfRs/cell, respectively (Fig. 6). The number
of TfRs/cell decreased in HFEtr cells compared with
those of HLF and Mock cells.
3.7. Recycling of 125I-Tf in HFEtr cells
To measure the recycling rate of Tf, a saturating
amount of 125I-Tf was bound at 4‡C to the surface
receptor followed by warming of the cells at 37‡C in
the presence of 20 nM unlabeled Tf to obtain the
steady state condition of Tf endocytosis. The cells
were incubated for various times and the radioactiv-
ity of cell surface, intracellular and medium was
counted in parental HLF (Fig. 7A), Mock (Fig.
7B) and HFEtr cells (Fig. 7C). The rate of Tf recy-
cling was evaluated by the half times and rate con-
stants of internalization (t1, k1) and return to surface
(t2, k2) of Tf, assuming that recycling of Tf in the
cells exponentially proceeds according to consecutive
Fig. 6. TfR a⁄nity for Tf in HFEtr cells. Scatchard analysis of 125I-Tf surface binding to parental HLF (a), Mock (E) and HFEtr
cells (b) at 4‡C reveals dissociation constants 1.9, 2.0 and 4.3 nM Tf, respectively. Change in the x intercept indicates that TfR num-
bers of parental HLF, Mock and HFEtr cells are 1.5U105, 1.7U105, 1.2U105 TfRs/cell, respectively. Lineal regression was deter-
mined in the StatView program using Q2 values.
Table 1
Rate constants of Tf recycling
HLF Mock HFEtr
Internalization
t1 (min) 1.29 1.36 0.93
k1 (min31) 0.23 0.22 0.32
Return to surface
t2 (min) 4.49 4.43 15.1
k2 (min31) 0.07 0.07 0.02
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irreversible reactions on the steady-state condition of
Tf, as previously suggested [16,17]. From a semilo-
garithmic plot of the data from the experimental
curve of intracellular 125I-Tf, we determined t1 :
1.29, 1.36, and 0.93 min, and k1 : 0.23, 0.22, and
0.32 min31, and t2 : 4.49, 4.43, and 15.1 min, and
k2 : 0.07, 0.07, and 0.02 min31 in parental HLF,
Mock and HFEtr cells, respectively (Table 1). To
con¢rm that the rate constant calculated from the
experimental curve of intracellular 125I-Tf reveals
the appropriate rate of recycling, we compared the
experimental curves of intracellular 125I-Tf in the pa-
rental HLF and HFEtr cells with theoretical curves
of exponential reactions with k1 and k2, shown in
Table 1, simulated by computer using a Graphing
Calculator program (Fig. 7D). The experimental
curves (Fig. 7A,C) were very similar to the theoret-
ical curves, indicating that the recycling of Tf in the
cells proceeds exponentially-like, and the rate con-
stants calculated from the experimental curves are
Fig. 7. Recycling of 125I-Tf in HFEtr cells. To measure the recycling rate of Tf, a saturating amount of 125I-Tf was bound at 4‡C to
the surface receptor followed by warming of the cells at 37‡C in the presence of 20 nM unlabeled Tf for the steady-state condition of
Tf endocytosis. The cells were incubated for various times and the radioactivity of cell surface (b), intracellular (a) and medium (E)
was counted in parental HLF (A), Mock (B) and HFEtr cells (C). These results are representative of three experiments performed
with triplicate data points without signi¢cant variation between experiments. The rate of Tf recycling was evaluated by the half times
and rate constants of internalization (t1, k1) and return to surface (t2, k2) of Tf determined from a semilogarithmic plot of the data
from the experimental curve of intracellular 125I-Tf. The experimental curves of intracellular 125I-Tf in HLF and HFEtr cells are com-
pared with the theoretical curves of exponential reactions with k1, k2 shown in Table 1 and peak values adjusted to the experimental
curves simulated by an analog computer (D). The experimental curves of both HLF and HFEtr cells were very similar to the theoreti-
cal curves for each, indicating that the recycling of Tf in the cells proceeds exponentially-like and the rate constants calculated from
the experimental curves are su⁄ciently reliable to evaluate the rate of Tf recycling.
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su⁄ciently reliable to evaluate the rate of Tf recy-
cling. The rate constant and half time of internaliza-
tion (k1, t1) was almost the same among three cell
lines, although the rate constant of return to cell
surface (k2 : 0.02 min31) in HFEtr cells was lower
than that (k2 : 0.07 min31) in the control cells, and
the half time of return to cell surface (t2 : 15.1 min) in
HFEtr cells was approximately three times compared
to that (t2 : 4.49 min) in the control cells. These data
suggest that the overexpression of HFE protein alters
the rate of Tf recycling, particularly return from en-
dosome to surface, in human hepatoma cells.
4. Discussion
In order to elucidate the role of HFE protein on
cellular iron metabolism, we established the human
hepatoma cell line overexpressing chimeric proteins
of HFE containing GFP at the carboxyl terminus.
The GFP fusion did not a¡ect the structure or func-
tion of HFE protein, because the HFE-GFP fusion
protein showed the association with TfR and L2m,
and was localized on the cell membrane and perinu-
clear compartment, as previously reported [4^8]. Us-
ing this HFE-transfectant (HFEtr cells), we at ¢rst
examined the e¡ects of HFE on iron uptake by the
cells and iron release from the cells to clarify the role
of HFE on cellular iron accumulation. The overex-
pressed HFE decreased the receptor-mediated Tf-
bound iron uptake by cells to approximately 50%,
but did not decrease the release of iron from the
cells, resulting in the decrease of iron accumulation
in the cells. These results are compatible with Roy’s
observation that the expression of HFE reduces 59Fe
uptake from Tf by 33% using a Hela cell line in
which the expression of HFE is controlled by tetra-
cycline [10]. In our study, DTPA was used as an iron
chelator to mop up iron released into the medium,
because DTPA has been reported to a¡ect intracel-
lular 59Fe transport less than apotransferrin [19]. But
the possibility that DTPA increases the rate of re-
lease of iron from the cells still remains.
In order to clarify the mechanism by which HFE
could lower the amount of iron taken up into the
cells, we examined the a⁄nity of TfR for Tf by the
Scatchard analysis of 125I-Tf binding. The analysis
shows an increase in dissociation constant (Kd)
from 1.9 to 4.3 nM in HFEtr cells, indicating that
overexpressed HFE decreases the a⁄nity of TfR for
Tf. These results are compatible with the increases of
Kd reported previously using HeLa cells on HFE
overexpression under the control of tetracycline-re-
pressible promoter (from 1.2 to 11 nM) [7] or on
addition of 1 mM soluble HFE-L2m heterodimer
(from 5 to 75 nM) [8]. Therefore, the decrease in
a⁄nity of TfR for Tf by HFE might be one of the
mechanisms for the decrease of iron uptake by HFE.
However, it is noteworthy that diferric Tf is present
at a concentration of approximately 5 WM in the
blood and might be capable of saturating all TfRs
even in the presence of HFE, suggesting that the
reduced a⁄nity of TfR for Tf by HFE might not
have a signi¢cant meaning in the body. In our study,
the Scatchard analysis showed the decrease of Tf-
binding sites in HFEtr cells (from 1.5U105/cell to
1.2U105/cell). Therefore, the decrease of TfRs to ap-
proximately 80% on the cell surface in HFEtr cells
might be explained by the accumulation of TfRs in
the cytoplasm due to the retardation of TfR recy-
cling, and it might be one of the mechanisms for
the decrease of iron uptake by HFE. This assump-
tion contradicts Gross’ observation that the Tf-bind-
ing sites were increased by overexpression of HFE in
HeLa cells (from 1.8U105/cell to 2.8U105/cell) [8].
As Roy et al. did not observe the change of recycling
time of TfR by HFE in these cell lines (HeLa cells)
[10], it is assumed that this discrepancy might be due
to the di¡erent e¡ects of HFE on TfR recycling pro-
cess between human hepatoma-derived HLF cells
and HeLa cells. The HLF cells might be more liv-
er-like than HeLa cells judging from the albumin
transcripts on the HLF cells [20].
Therefore, we next examined the rate of Tf recy-
cling by pulse-chase study with 125I-Tf in our cell
line. During the process of Tf recycling, diferric Tf
binds to TfR on cell surface, and the complex (in
some situations, also bound to HFE) is internalized
in endosomes. In acidi¢ed endosomes, the ferric
irons are released from the complex and the TfR
with apo-Tf is recycled to the cell surface [21^23].
To evaluate the rate of Tf recycling, we determined
the rate constants of internalization (k1) and return
to cell surface (k2) using pulse-chase analysis [16,17].
From the similarity of the experimental curves of
intracellular 125I-Tf to the theoretical ones of expo-
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nential reactions, we con¢rmed that the intracellular
Tf recycling proceeds exponentially-like and the rate
constants calculated from the experimental curves
are reliable enough to evaluate the rate of Tf recy-
cling. Furthermore, the k1 and k2 values of HLF cells
determined in this study (0.23 and 0.07 min31, re-
spectively) are similar to those of human hepatoblas-
toma HepG2 cells (0.20 and 0.14 min31, respectively)
[16] and those of Chinese hamster ovary cell (0.13
and 0.09 min31, respectively) [24]. From these re-
sults, we are con¢dent that the k1 and k2 values in
the three cell lines determined in this study (Table 1)
are reliable for evaluation. The rate constant of re-
turn to cell surface (k2 : 0.02 min31) in HFEtr cells
was lower than (k2 : 0.07 min31) in the control cells,
and the half time of return to cell surface (t2 : 15.1
min) in HFEtr cells was approximately three times
that (t2 : 4.49 min) in the control cells, although the
rate constant and the half time of internalization (k1,
t1) was almost the same among the three cell lines.
Therefore, we concluded that the overexpressed HFE
protein slows the rate of Tf recycling, especially re-
turn from endosome to surface, in hepatoma cells.
The retardation of the Tf recycling might lead to
retention of TfR in the cell and the decrease of
TfR in cell-surface, resulting in the decrease of iron
uptake by the cell.
The concern is what kind of mechanism is involved
in the retardation of the Tf recycling. Johnson et al.
[24] and Presley et al. [25] reported that the increase
of endosomal pH by the vacuolar proton pump in-
hibitor ba¢lomycin A1 slows recycling of TfR, par-
ticularly the exocytic process. In their reports, ba¢-
lomycin A1 decreased the rate constant of exocytic
process of TfR recycling from 0.06 to 0.03 min31 in
Chinese hamster ovary cells. The values are very
close to those observed in the parental HLF cells
and the HFEtr cells in our study (0.07 and 0.02
min31, respectively). Therefore, we hypothesize that
the overexpression of HFE may increase endosomal
pH and slow the rate of Tf recycling from endosome
to surface. If this is the case, the increased endosomal
pH may prevent e⁄cient removal of iron from Tf in
the endosome, resulting in reduced cellular iron. Fur-
thermore, our hypothesis might explain the discrep-
ancy between our results and Roy’s report [10] that
HFE has no e¡ect on kinetics of TfR recycling, be-
cause the TfR recycling retardation caused by inhi-
bition of endosome acidi¢cation varies among cell
lines [25].
Other mechanisms are also possible for the de-
crease of iron uptake by HFE. For example, HFE
might prevent the pH-induced conformation of the
TfR that potentiates the release of iron from Tf, or
reduce the a⁄nity of transferrin for iron, or regulate
the function of one of the known endosomal iron
transporters, such as Nramp2/DCT1 [26], although
there is no proof of these possible mechanisms.
In this study, we clari¢ed an additional role of
HFE on TfR recycling in addition to the decrease
of receptor a⁄nity and the decrease of TfR numbers,
resulting in the reduced cellular iron. The retardation
of TfR recycling from endosome to cell surface may
be an important factor in the regulation of cellular
iron metabolism in the body.
Acknowledgements
This research was supported by grants provided by
the Ministry of Education, Science and Culture, Ja-
pan.
References
[1] J.N. Feder, A. Gnirke, W. Thomas, Z. Tsuchihashi, D.A.
Ruddy, A. Basava, F. Dormishian, R. Domingo Jr., M.C.
Ellis, A. Fullan, L.M. Hinton, N.L. Jones, B.E. Kimmel,
G.S. Kronmal, P. Lauer, V.K. Lee, D.B. Loeb, F.A.
Mapa, E. McClelland, N.C. Meyer, G.A. Mintier, N. Moel-
ler, T. Moore, E. Morikang, C.E. Prass, L. Quintana, S.M.
Starnes, R.C. Schatzman, K.J. Brunke, D.T. Drayna, N.J.
Risch, B.R. Bacon, R.K. Wol¡, A novel MHC class I-like
gene is mutated in patients with hereditary haemochromato-
sis, Nat. Genet. 13 (1996) 399^408.
[2] X.Y. Zhou, S. Tomatsu, R.E. Fleming, S. Parkkila, A.
Waheed, J. Jiang, Y. Fei, E.M. Brunt, D.A. Ruddy, C.E.
Prass, R.C. Schatzman, R. O’Neill, R.S. Britton, B.R. Ba-
con, W.S. Sly, HFE gene knockout produces mouse model
of hereditary hemochromatosis, Proc. Natl. Acad. Sci. USA
95 (1998) 2492^2497.
[3] J.N. Feder, Z. Tsuchihashi, A. Irrinki, V.K. Lee, F.A.
Mapa, E. Morikang, C.E. Prass, S.M. Starnes, R.K. Wol¡,
S. Parkkila, W.S. Sly, R.C. Schatzman, The hemochromato-
sis founder mutation in HLA-H disrupts L2-microglobulin
interaction and cell surface expression, J. Biol. Chem. 272
(1997) 14025^14028.
[4] A. Waheed, S. Parkkila, X.Y. Zhou, S. Tomatsu, Z. Tsuchi-
BBAMCR 14606 5-4-00
K. Ikuta et al. / Biochimica et Biophysica Acta 1496 (2000) 221^231230
hashi, J.N. Feder, R.C. Schatzman, R.S. Britton, B.R. Ba-
con, W.S. Sly, Hereditary hemochromatosis: e¡ects of
C282Y and H63D mutations on association with L2-micro-
globulin, intracellular processing, and cell surface expression
of the HFE protein in COS-7 cells, Proc. Natl. Acad. Sci.
USA 94 (1997) 12384^12389.
[5] S. Parkkila, A. Waheed, R.S. Britton, B.R. Bacon, X.Y.
Zhou, S. Tomatsu, R.E. Fleming, W.S. Sly, Association of
the transferrin receptor in human placenta with HFE, the
protein defective in hereditary hemochromatosis, Proc. Natl.
Acad. Sci. USA 94 (1997) 13198^13202.
[6] J.A. Lebro¤n, M.J. Bennett, D.E. Vaughn, A.J. Chirino, P.M.
Snow, G.A. Mintier, J.N. Feder, P.J. Bjorkman, Crystal
structure of the hemochromatosis protein HFE and charac-
terization of its interaction with transferrin receptor, Cell 93
(1998) 111^123.
[7] J.N. Feder, D.M. Penny, A. Irrinki, V.K. Lee, J.A. Lebro¤n,
N. Watson, Z. Tsuchihashi, E. Sigal, P.J. Bjorkman, R.C.
Schatzman, The hemochromatosis gene product complexes
with the transferrin receptor and lowers its a⁄nity for ligand
binding, Proc. Natl. Acad. Sci. USA 95 (1998) 1472^
1477.
[8] C.N. Gross, A. Irrinki, J.N. Feder, C.A. Enns, Co-tra⁄ck-
ing of HFE, a nonclassical major histocompatibility complex
class I protein, with the transferrin receptor implies a role in
intracellular iron regulation, J. Biol. Chem. 273 (1998)
22068^22074.
[9] B.R. Bacon, L.W. Powell, P.C. Adams, T.F. Kresina, J.H.
Hoofnagle, Molecular medicine and hemochromatosis at the
crosssroads, Gastroenterology 116 (1999) 193^207.
[10] C.N. Roy, D.M. Penny, J.N. Feder, C.A. Enns, The heredi-
tary hemochromatosis protein, HFE, speci¢cally regulates
transferrin-mediated iron uptake in Hela cell, J. Biol.
Chem. 274 (1999) 9022^9028.
[11] R.S. Chang, Continuous subcultivation of epithelial-like cells
from normal human tissues, Proc. Soc. Exp. Biol. Med. 87
(1954) 440^443.
[12] I. Doi, M. Namba, J. Sato, Establishment and some biolog-
ical characteristics of human hepatoma cell lines, Jpn. J.
Cancer Res. 66 (1975) 385^392.
[13] M. Hirayama, Y. Kohgo, H. Kondo, N. Shintani, K. Fuji-
kawa, K. Sasaki, J. Kato, Y. Niitsu, Regulation of iron
metabolism in HepG2 cells A possible role for cytokines in
the hepatic deposition of iron, Hepatology 18 (1993) 874^
880.
[14] M. Kobune, Y. Kohgo, J. Kato, E. Miyazaki, Y. Niitsu,
Interleukin-6 enhances hepatic transferrin uptake and ferritin
expression in rats, Hepatology 19 (1994) 1468^1475.
[15] C.R. Chitambar, J.P. Wereley, Transferrin receptor-depen-
dent and -independent iron transport in gallium-resistant
human lymphoid leukemia cells, Blood 91 (1998) 4686^4693.
[16] A. Ciechanover, A.L. Schwartz, A. Dautry-Varsat, H.F.
Lodish, Kinetics of internalization and recycling of transfer-
rin and the transferrin receptor in a human hepatoma cell
line: e¡ect of lysosomotropic agents, J. Biol. Chem. 258
(1983) 9681^9689.
[17] Y. Kohgo, H. Kondo, J. Kato, K. Sasaki, N. Tsushima, T.
Nishisato, M. Hirayama, K. Fujikawa, N. Shintani, Y.
Mogi, Y. Niitsu, Kinetics of internalization and cytotoxicity
of transferrin-neocarzinostatin conjugate in human leukemia
cell line, K562, Jpn. J. Cancer Res. 81 (1990) 91^99.
[18] K. Sasaki, Y. Kohgo, J. Kato, H. Kondo, Y. Niitsu, Intra-
cellular metabolism and cytotoxicity of transferrin-neocarzi-
nostatin conjugates of di¡ering molar ratios, Jpn. J. Cancer
Res. 84 (1993) 191^196.
[19] A.-H. Xavier, S. Margaret, G. Jonathan, The e¡ect of apo-
transferrin on iron release from Caco-2 cells, an intestinal
epithelial cell line, Blood 91 (1998) 3974^3979.
[20] Y. Niwa, M. Matsumura, Y. Shiratori, M. Imamura, N.
Kato, S. Shiina, T. Okudaira, Y. Ikeda, T. Inoue, M. Oma-
ta, Quantitation of alpha-fetoprotein and albumin messenger
RNA in human hepatocellular carcinoma, Hepatology 23
(1996) 1384^1392.
[21] R.D. Klausner, J. van Renswoude, G. Ashwell, C. Kempf,
A.N. Schechter, A. Dean, K.R. Bridges, Receptor-mediated
endocytosis of transferrin in K562 cells, J. Biol. Chem. 258
(1983) 4715^4724.
[22] A. Dautry-Varsat, A. Ciechanover, H.F. Lodish, pH and the
recycling of transferrin during receptor-mediated endocyto-
sis, Proc. Natl. Acad. Sci. USA 80 (1983) 2258^2262.
[23] R.D. Klausner, G. Ashwell, J. van-Renswoude, J.B. Har-
ford, K.R. Bridges, Binding of apotransferrin to K562 cells :
explanation of the transferrin cycle, Proc. Natl. Acad. Sci.
USA 80 (1983) 2263^2266.
[24] L.S. Johnson, K.W. Dunn, B. Pytowski, T.E. McGraw, En-
dosome acidi¢cation and receptor tra⁄cking: ba¢lomycin
A1 slows receptor externalization by a mechanism involving
the receptor’s internalization motif, Mol. Biol. Cell 4 (1993)
1251^1266.
[25] J.F. Presley, S. Mayor, T.E. McGraw, K.W. Dunn, F.R.
Max¢eld, Ba¢lomycin A1 treatment retards transferrin re-
ceptor recycling more than bulk membrane recycling,
J. Biol. Chem. 272 (1997) 13929^13936.
[26] S. Gruenheid, F. Canonne-Hergaux, S. Gauthier, D.J. Hack-
am, S. Grinstein, G. Philippe, The iron transport protein
NRAMP2 is an integral membrane glycoprotein that colo-
calizes with transferrin in recycling endosomes, J. Exp. Med.
189 (1999) 831^841.
BBAMCR 14606 5-4-00
K. Ikuta et al. / Biochimica et Biophysica Acta 1496 (2000) 221^231 231
